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Introduction
The ability to join glasses to metals, or to silicon, is an increasingly relevant technology for applications that include the manufacture of optical sensors, actuators, and the hermetic wafer-level encapsulation of electronic components in the production of MEMS and 'lab-ona-chip' systems [1, 2] . A range of processes are currently used for joining such very dissimilar materials, including; direct bonding [3, 4] , anodic bonding [1, 5] , glass frit joining [6] , eutectic bonding or adhesive bonding [2, 7] . Unfortunately, these techniques are often poorly suited for glass-to-metal micro-joining due to intrinsic limitations, such as: the need for heat treatments, which may damage temperature-sensitive components [2, 5, 6] , the development of residual stresses, resulting from the large difference in thermal expansion coefficients of the joined materials [2] , and in-service issues that arise from polymer-based adhesives, like poor hermeticity [7] , creep and outgassing.
In this context high pulse-rate laser microwelding is of growing interest, not only for avoiding the limitations imposed by the above techniques, but also because it offers the advantages of higher production rates and precise joint positioning. In addition, the extremely short thermal cycles induced by an ultrashort pulsed laser can in principle help prevent thermal damage and limit the formation of detrimental reaction products (e.g. intermetallic compounds, oxides, etc.) between dissimilar weld members at the joint interface [2] .
With glass to glass welding it has been shown that successful microwelds can be produced using laser systems that deliver high-intensity, ultrashort (femto-or picosecond) laser pulses to the work piece [8] [9] [10] [11] [12] [13] . This technique exploits the property of nonlinear optical absorption of the laser radiation in transparent materials, which allows the laser energy to be applied to a precise location within the workpiece volume in the vicinity of the beam focal point [9, 13] .
Thus, microweld lap joints can be achieved at the contact interface by focusing a pulsed laser beam through one of the glass sheets at the required depth. The resulting volume of molten
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4 glass generated, although small, is sufficient to fill the micron-scale gap between the glass sheets, which occurs by melt flow, driven by thermal expansion and the formation of a highly constrained plasma [8, 12] . This micro-melt volume then solidifies to form the joint, and by translating the beam strong joints can be produced by controlling the net weld area (e.g. [8] ).
Another major advantage of pulsed laser microwelding is that the heat-affected zone (HAZ)
resulting from the microsecond-scale thermal cycles of a focused pulsed laser beam is much smaller than in the case of continuous fusion welding methods. The use of repeated short thermal cycles can also lead to significantly lower thermal stress levels between materials with very different thermal expansion coefficients and, thus, to welds less prone to cracking and premature failure [5, 8, 9, 14] .
In a more recent development the feasibility of using a picosecond pulsed laser to join silica glass to various metal substrates has been demonstrated by the current authors [15] . In this work, the beam was transmitted through the glass sheet and focused into the metal surface, just below the joint interface. In all the weld samples produced by this method lap shear test pieces were found to fracture within the parent glass sheet, with the crack path travelling around the modified glass region, suggesting the welds had high interface bond strength. This is despite the fact that with certain glass-metal combinations there is a high thermodynamic driving force for chemical reaction to occur between the weld members. For example, when in contact with molten aluminium, under equilibrium conditions it is well known that SiO 2 will be reduced to form alpha-alumina and silicon [16] [17] [18] . Although currently little is known about the interface structure in metal-glass micro-laser welded joints, under the highly transient conditions found in picosecond pulsed laser welding, this reaction may not have time to occur and alternative metastable products may form (e.g. [19] [20] [21] ).
Here, we aim to address this knowledge gap by reporting on the results of a detailed microstructural study performed on the interface region of glass-to-metal microwelds
produced using a solid-state, 1030 nm, picosecond-pulsed laser with an average power of 2 W, between fused silica glass and aluminium. Of particular interest was to understand the mechanisms of weld formation and the extent of chemical reaction that takes place at the joint interface, as well as to determine the effects of the microwelding conditions specific to rapid laser pulsing on the resulting interface microstructure.
Materials and Methods
A set of glass-metal micro welds was produced at Heriot-Watt University using a Trumpf
TruMicro 5 x 50 laser with a pulse duration of 5.9 ps at a repetition rate of 400 kHz. To produce the welds, a 1 mm thick sheet of commercial purity aluminium (99.7%Al) was welded to a 1 mm thick sheet of fused silica glass with the spiral track pattern shown in Fig.   1 (a). The fused silica glass grade chosen for this work was the ultra-high purity Spectrosil 2000, due to its excellent optical transmission for the laser wavelength used in the present experiments (1030 nm). The aluminium sheet was first polished to a mirror finish and then clamped against the glass using a pneumatically-actuated, four-point loading-jig that brought the two surfaces into close contact. A small area of optical contact was thus created above the jig piston. The jig assembly was mounted on a stage with motorized controls in the X and Y directions.
The laser beam was transmitted normal to the surface through the glass top sheet and the beam was focused slightly (~100 m) below the interface of the two materials in the area of optical contact. The laser had an average power of 2 W and a focused spot size of 1.2 m.
The stage-mounted assembly was translated at a speed of 1 mm.s -1 under a stationary laser beam along a spiral path with a pitch of 0.1 mm to produce a continuous weld seam, resulting in a circular welded area with a final diameter of 2.5 mm ( Fig. 1(a) ). Small deviations from an ideal spiral, visible in the seam in Fig. 1(a) , are the result of backlash of the x-y translation stage used. The microwelding procedure is described in full in [15] . To investigate the microstructure and phase distribution at the weld interface, representative weld areas were subsequently sectioned across their diameter to expose a cross-section through the weld seams ( Fig. 1(b) ). Metallographically prepared cross-sections were then investigated in an ultra-high resolution FEI Magellan 400 field-emission-gun scanning electron microscope (FEG-SEM) using backscattered electron (BSE) imaging at an accelerating voltage of 3 kV,
and energy-dispersive X-ray spectroscopy (EDS) at 5 kV, in order to determine the morphology and phase composition of the weld regions. Small, site-specific samples were also extracted from the cross-sections of the welded interfaces and thinned to electron transparency using focused ion beam (FIB) milling, for analysis by transmission electron microscopy (TEM). The TEM samples were studied in an FEI Tecnai T20 microscope, in standard imaging and diffraction modes, and in STEM mode to obtain Z contrast by annular dark field (ADF) imaging and for elemental mapping by EDS. M A N U S C R I P T ACCEPTED MANUSCRIPT 8
Results

Weld zones
A surface overview of the welded area produced by translating the beam through the spiral pattern used in this study and a low magnification cross-section through three tracks is shown in Fig. 1 . An SEM backscattered electron (BSE) image of a typical individual weld track is also provided in cross section in sheet. The images suggest that in the vicinity of the beam focus position there was a main plasma cavity in the glass top sheet that has subsequently partially collapsed, but there is also a secondary neighbouring cavity in the glass, in close proximity (to the right in Fig. 2 (a) ). compound. This Si-rich region appeared to be associated with the main plasma cavity and also contained a high volume fraction of micro-porosity.
Several more intense Si-rich concentration spots can be seen near the top of the EDS map on 
Higher Resolution Phase Identification
In addition to SEM analysis, TEM and STEM were used to identify the phases formed during the complex reaction process identified above and also to analyse the weld zone TEM imaging and selected area diffraction (SAD) analysis of the Si-rich regions seen across the centre of the weld reaction zone revealed it to be mostly comprised of nanocrystalline silicon, with crystallite sizes of < 40 nm. This highly porous structure, seen in the central region of Fig. 6(a) , is shown at a higher magnification in Fig. 7 (a) and, in more detail, in (b).
The small circular area selected (using a  750nm aperture), indicated by the dashed circle in Fig. 7(a) , produced the SAD pattern shown as an inset in Fig. 7(b) . The almost-continuous Debye rings seen in this pattern indicate the presence of a large number of nano-crystallites of random orientation, present within the small volume sampled, confirming the extremely fine particle size visible in the bright-field image. The rings in the pattern were readily indexed as fcc Si. This porous nanocrystalline Si microstructure extended across the entire 'W' shaped central weld region that had been identified to be high in Si by SEM-EDS analysis in Fig. 3 and by TEM in Fig. 6(b) . However it should also be noted this region contained some
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14 nanocrystalline Al-O rich particles and a small number of coarser (~200 nm across) discrete
Si particles, consistent with the high Si intensity peaks found in the SEM-EDS maps (Fig. 3   (b) ).
The microstructures of the Al-O rich zones found near to the glass and metal substrates in the welds were similarly investigated. A TEM image of the Al oxide region marked by the yellow box (i) in Fig. 6(a) , in the vicinity of the Al substrate, is provided in Fig. 8 . It reveals that this collected from discrete particles -one example of which is shown in Fig. 8(b) . When considered together, this diffraction data was consistent with the presence of at least two metastable forms of alumina, namely the spinel-type, superlattice, γ-and -alumina phases described in refs. [24, 25] . Either one, or both, of these phases were found as possible indexing solutions for the diffraction patterns obtained from crystals investigated in the Al oxide-rich weld regions, and one example match -for the [233] zone of the γ-phase -is given in Fig.   8(b) . Distinguishing between these two phases is difficult, owing to indexing ambiguity that originates from their closely-related structures. In comparison, diffraction patterns produced by the larger discrete particles present in the weld region near the glass interface were more readily indexed as being consistent with the structure of -alumina (see Fig. 9 (a) -detailed
view of the region marked by box (ii) in Fig. 6(a) ) although in this case the exclusive presence of only one transitional alumina phase could not be unequivocally established.
The structure of the thin interface reaction layer formed away from the central weld region was also investigated by TEM, using FIB samples extracted from just outside the main laser interaction volume (as indicated by dashed line in Fig. 10(a) ). 
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Discussion
The results presented reveal a complex process of weld formation caused by the rapid application of many overlapping, picosecond, high energy-density laser pulses to a reactive glass-aluminium couple. It is very evident that where heating and contact occurred between these two materials, the silica phase has been reduced by reaction with the aluminium substrate. This took place under the highly transient conditions within the main laser interaction volume, which resulted in the formation of a metastable form of alumina and nano-crystalline silicon. However, multiple secondary keyholes were also formed in the Alsheet, and interfacial reaction was seen well outside the main laser interaction volume, which led to chemical bonding between the two weld members over a much larger area and was, thus, an integral part of the joint formation process. Welding also resulted in fine scale microcracking in the thin interface alumina layer across the entire joint area. This micro-cracking would be expected to be caused by a build up in internal stresses, generated by the ~37% decrease in material volume [16] that is known to occur during chemical reaction between glass and aluminium and differences in thermal expansion and conductivity between the two weld members.
Ultrashort pulse laser welding
For the laser welding parameters used in the current study (beam focus ϕ ~ 1.2 μm, pulse frequency of 400 kHz and a welding speed of 1 mm s -1 ) a simple calculation indicates that each point along the weld trajectory was exposed to up to 480 pulses, as it moved under the beam, with a total interaction time of just 1.2 ms. Under such conditions, where a high frequency ultrashort-pulse laser has been used to weld silica glass to a reactive metal substrate with the applied energy focused through the transparent glass top sheet, weld formation involves the combined effects of several complex phenomena that include: i) heating of the metal substrate by linear absorption [22, 26] ; ii) rapid heating of the glass through nonlinear
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17 absorption [8, 13] ; iii) conduction between the glass and metal weld members; iv) plasma formation [14, 27] ; v) chemical reactions in the melted volume and also between the ionized species in the constrained plasma phase; and vi) rapid condensation of the plasma and solidification, involving the formation of new solid phases at the weld interface [19, 28] .
It is evident from the images in Figs. 2 and 3 that in the area of direct focus of the laser beam a primary keyhole was produced in the Al bottom sheet and a plasma cavity also existed in the glass, which must have directly absorbed enough energy to locally melt the surrounding glass. A smaller, secondary plasma cavity was also seen close to this position. This central high energy density interaction volume resulted in the formation of the porous region seen in the glass sheet above the beam focus position, and which contained only reaction products.
Other, smaller keyholes were also seen, both close to the horizontal focus position of the laser beam and further away from it, in the Al sheet. These secondary keyholes were produced as the incident laser beam was refracted, scattered and partly reflected by the plasma plume (an effect referred to as plasma shielding [27] ) and the glass and aluminium sheet surfaces. While the formation of these keyholes is a consequence of using a high-intensity pulsed laser beam, investigations revealed that this level of intensity was required to reliably produce strong welds. Moreover, these microstructural defects did not cause detrimental effects to the mechanical behaviour of the welds, as no direct connection could be found between the presence of the keyholes and the initiation of cracks leading to failure, and the cracks typically propagated through the glass sheet around the modified glass region and away from the interaction volume.
In contrast to nonlinear optical absorption that causes localised heating in transparent materials, an opaque metallic material linearly absorbs the laser energy that is not reflected. In the case of a polished aluminium surface, absorptivity is initially poor until a plasma is formed, and for the 1030 nm wavelength laser used the absorptivity level would be expected
18 to be of the order of 20% [29] . In the laser ablation of metals with similar ultrashort (femto and picosecond) pulses, a plasma is rapidly created through a process described by the 'twotemperature model' [27, 28, 30, 31] in which the electrons in a thin surface layer absorb the pulse energy through multi-photon absorption. Due to the high energy intensity the electron cloud temperature reaches several thousand K within femtoseconds, while the ionic lattice remains relatively cold. It takes between 1 and 10 ps for thermal equilibrium to be reached in the lattice [28] . At these timescales, heat cannot diffuse further than a few nm into the bulk.
Instead, a thin layer of ionized material is rapidly brought to a state of superheated liquid and is explosively evaporated [27, 31, 32] . This creates a high-temperature mixture of ionized gas, micron-sized particles and droplets. Normally, individual picosecond pulses are not sufficient to cause melting, due to dispersal of the high-temperature ablated plume and the high thermal conductivity of the metal substrate. However, when successive pulses are repeated with a sufficiently-high frequency -typically, anything above 125 ~ 200 kHz -the heat generated by one pulse will not diffuse away completely before the next pulse arrives, and begins to accumulate in the substrate. A thin Al surface melt layer may therefore form across the region of optical absorption [26, 31] , but this would not explain the wider thin reaction layer noted above that occurred outside of the area of the main laser interaction volume.
In the specific case of fused silica-to-Al lap welds the plasma plume is also highly constrained by the surrounding glass. This causes all its thermal energy to be trapped locally, and as a result the glass it is in contact with heats up locally. This, in turn, would result in phononassisted optical absorption of the incoming pulses, and it is expected that the high pulse repetition rate used to produce the weld contributes to melting and plasma formation in the glass sheet. By this proposed mechanism, each successive pulse is absorbed partly in the Al plate (at least the first part of the pulse) and partly in the glass plate, and triggers the formation of a small plasma pool at the interface between the two materials, with melting
19 predominantly occurring in the glass. This plasma pool is expected to reach a steady size as welding progresses, with the size being determined by factors such as the pulse power, the pulse repetition rate and the travel speed, as well as the material-characteristic physical properties (see below). This was significantly larger than that of the focused laser beam and can be equated here, in the particular case of dissimilar materials welding, to the size of the easily-identifiable interaction volume seen in the post-mortem investigations. In addition, owing to the poor thermal conductivity of fused silica, over two orders of magnitude lower than that of cp-Al (1.4 W/m.K, as opposed to 220 W/m.K), the heated glass retains the thermal energy far more than the metal substrate, and thus heat will build up in the glass surrounding the plasma cavity/interaction volume. As the fused silica glass used in this study has a softening temperature of 1983 K (1710 °C), which is over two times higher than the melting point of cp-Al (933 K (1220 °C)), the increase in temperature in the surrounding glass will therefore be sufficient to melt the surface of the contacting Al sheet by conduction. This mechanism of Al surface liquation, by conduction from the hot glass, is thus responsible for the observed spread of a thin alumina and Si-rich interface reaction layer across the joint interface, much further out than the main laser interaction volume.
Weld zone reactions
As joining of glasses to metals is a new development in the field of ultrafast pulsed-laser welding, to the authors' knowledge to date no comparable studies on phase formation within the weld zone have been published. Solid-state reaction would not be expected owing to the very short weld duration [9, 31] . However, from the above discussion, it is apparent that reaction between the two weld members can occur both via the ionised species present in the plasma cavity and in the liquid phase, within the main weld zone, and further out where the Al sheet surface melted locally under the contact area with the hot (or possibly molten) fused silica.
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Pulsed laser ablation (PLA) of solid targets using ultrafast pulses has been extensively researched over the past few decades, as a technique for depositing thin films onto substrates.
If PLA is carried out with reactive species present in the plasma it is commonly found that they form similar scale nanoparticles to those observed [28, 33] . The application of a high frequency pulsed laser in dissimilar welding is, however, significantly different as it will be strongly affected by the physical confinement of the plasma. In this respect, Pulsed Laser
Ablation of solid targets within a Liquid (PLAL) may be considered as a more closely comparable process. In contrast to atmospheric pressure ablation, PLAL leads to higher temperatures and pressures due to the confining effect of the liquid on the plasma, as well as much faster quenching. This allows the fabrication of nanocrystalline and far-fromequilibrium metastable phases by selecting the appropriate combination of target materials and laser parameters [19] . For example, in a publication relevant to the present work, PLAL of an Al 2 O 3 target in water has been reported to produce -Al 2 O 3 nanoparticles [21] . The very fine nano-scale Si and 0.5 m metastable alumina particles found in the highly porous weld zone in the glass sheet are therefore indicative of a reaction occurring under similar conditions. However, in the peripheral regions of the weld a reaction is more likely to have occurred in the liquid (molten Al) phase.
Under equilibrium conditions [16, 17] , Al is known to reduce quartz via the reaction:
where the thermodynamically stable form of alumina is -Al 2 O 3 (corundum). This phase is based on a hexagonal close-packed (hcp) anion stacking sequence, or sublattice, with 2/3 rds occupancy of the octahedrally coordinated interstitial sites by Al. In contrast, in the present study, only metastable forms of alumina, γ and -Al 2 O 3 , as well as an amorphous phase, were found within the welds. While this is the first report of transitional alumina phases being [34, 35] . For example, -Al 2 O 3 has also been found to form as fine nanoparticles during the PLAL of -Al 2 O 3 in water [20, 21] , and in similar research involving PLAL of an Al target in water, unidentified diffraction peaks suggested the synthesis of other transitional phases [36] . In work by Levi et al. Al 2 O 3 particles, with sizes ranging between 10 nm and 300m, were produced by atomization from a melt [34] , which varied from amorphous to , ,  and  in order of increasing particle size and, correspondingly, reducing supercooling levels. A similar transition phase sequence has also been found when Al 2 O 3 is plasma-sprayed on to a cold steel substrate [35] .
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In contrast to -Al 2 O 3 , the , , , and  transitional phases all adopt a common, face-centred cubic (fcc) structure for the O anions, with the Al cations taking up either tetrahedrally, or octahedrally, coordinated interstitial sites, the only difference between this series of phases being the specific arrangement of cations in the anion interstices [34, 37] . Upon heating, transformation between the phases can occur displacively, as a result of ordering of the cation sublattice, following the  to  sequence listed above [24] . Therefore, transformation to from any of the fcc-based polymorphic structures, requires the reconstruction of the anion stacking sequence to hcp [24, 37] .
Interestingly, the nearest-neighbour distances for Al-O and O-O in high-temperature Al oxide melts, and in supercooled liquids, have been found by X-ray synchrotron measurements to be more consistent with the tetragonal coordination of the Al cations found in the fcc-based transitional phases, rather than with the octahedral coordination in -Al 2 O 3 [38] . This suggests that under rapid cooling conditions the nucleation of a transitional fcc based polymorphic structure is favourable, as nucleation of  would necessitate a complete
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22 reconstruction of the tetrahedral AlO 4 5-structural units in the liquid. Moreover, through studying nano-powders it has been shown that surface energy differences are sufficient to thermodynamically stabilise the fcc transitional phases over -Al 2 O 3 at particle diameters of < 17 nm [39] . Calculations of the nucleation kinetics [34] also suggest that the transitional phase  should preferentially nucleate first, directly from rapidly quenched melts, while the other phases will subsequently form from through solid-state transformation. In the present study, in which both the defect spinel structure -phase and the higher-symmetry -phase were observed, it is reasonable to similarly conclude that -Al 2 O 3 has been replaced by an 
